Crassulacean acid metabolism (CAM) is a carbon concentrating mechanism that evolved 4 4 multiple times in response to CO 2 limitation caused by water stress. In C 3 species, stomata 4 5
remain open during the day to assimilate atmospheric CO 2 , but water limitation can force 4 6 stomata to close, resulting in impaired CO 2 fixation at the expense of growth. When water stress 4 7
is prolonged, stomatal closure in C 3 plants can become debilitating. CAM species circumvent 4 8 prolonged stomatal closure by opening stomata at night and fix CO 2 nocturnally, when 4 these, CAM is weakly expressed relative to C 3 . Weakly expressed CAM may represent an 1 0 4 evolutionary end point, or may be an important intermediate step on the evolutionary path 1 0 5 between constitutive C 3 and constitutive CAM. Because many genera within the Orchidaceae 1 0 6
include both C 3 and weak/strong CAM species, the orchids are an attractive family to study the 1 0 7
evolution of CAM photosynthesis. The subtribe Oncidiinae is one of the most diverse subtribes 1 0 8
within Orchidaceae and it is part of a large epiphytic subfamily (Epidendroideae) in which CAM 1 0 9
may have facilitated the expansion into the epiphytic habitat (Silvera et al., 2009 ). Despite the 1 1 0 prevalence of CAM within the subtribe, the genus Erycina is particularly interesting because it 1 1 1 has both CAM and C 3 species. Erycina pusilla is a fast-growing CAM species with 1 1 2 transformation capability and has the potential to be a model species for studying CAM 1 1 3 photosynthesis in monocots (Lee et al., 2015) . Comparative investigations of E. pusilla and its C 3 1 1 4
relative, E. crista-galli, can therefore offer valuable insight into studying the evolution and 1 1 5 regulation of CAM photosynthesis in the Orchidaceae. Through comparative, time-course RNA-1 1 6
Seq analysis of E. pusilla and E. crista-galli, we aim to understand 1) the changes in expression 1 1 7 of core CAM genes between C 3 and CAM Erycina species and 2) which regulatory changes are 1 1 8 required for the evolution of CAM. The outlier orthogroups with large changes to connectivity between species 2 7 3 (Supplemental Table 3 ) were explored for genes of interest. The largest difference in 2 7 4 connectivity was found in a E3 ubiquitin ligase gene family shown to play a role in ABA 2 7 5 signaling, with the Arabidopsis homolog known as ring finger of seed longevity1 (RSL1). To 2 7 6 explore differences in network connections of RSL1 between the two species, we employed the 2 7 7 diffusion algorithm (Carlin et al., 2017) in Cytoscape which finds strongly interactive nodes to a 2 7 8 target of interest. For both species, we found the diffusion network for the RSL1 gene. Only a 2 7 9 single gene copy of RSL1 was time-structured in E. crista-galli, but E. pusilla had two copies 2 8 0 found in the ARACNe network. One gene copy had only a single connection to any other gene in 2 8 1 the network and was not analyzed further. The other copy in E. pusilla, which had 72 directed 2 8 2
connections, was used as the center of the diffusion network. Diffusion networks were compared 2 8 3
for orthogroup content between species using a hypergeometric test. Gene Ontology (GO) terms 2 8 4
were compared for the two RSL1 subnetworks and checked for enrichment using hypergeometric 2 8 5 test (using all GO terms found in either ARACNe network as the universe), correcting for 2 8 6 multiple testing with Bonferroni-Holm significance correction. 2 8 7 2 8 8
Results 2 8 9
Gas exchange patterns and titratable acidity 2 9 0
Gas exchange data collected continuously showed net nighttime CO 2 uptake in CAM E. 2 9 1 pusilla under both well-watered conditions and while drought stressed ( Fig. 2a ). C 3 Erycina 2 9 2 crista-galli displayed net CO 2 uptake during the light period only. There was no net uptake of 2 9 3 CO 2 at night. Nonetheless, under drought stress, a slight decrease in respiratory loss of CO 2 at 2 9 4 night may indicate low levels of CAM cycling. Titration data collected from the same plants and 2 9 5
at the time of RNA-sampling in E. pusilla confirms CAM function in the plants used for gene 2 9 6 expression analysis, with a significant increase in leaf titratable acids occurring towards the end 2 9 7 of the dark period ( Fig. 2A, 6AM ), and a reduction in total acids during the day period. Although 2 9 8
the C 3 E. crista-galli had higher overall levels of leaf acids, there was no significant diurnal 2 9 9 fluctuation ( Fig. 2b ).
Clustering of genes with time-structured expression profiles 3 0 2
After filtering by minimum/maximum length each transcript's orthogroup, 23,596 and 3 0 3 26,437 genes were retained in E. pusilla and E. crista-galli, respectively. Both species had a 3 0 4 similar number of genes that were significantly time-structured (~7,000) according to maSigPro. 3 0 5
Each species had best fit to k=6 clusters, with three clusters showing nighttime biased expression 3 0 6
and three with daytime bias (Fig. 3) . Expression of PEPC, the initial carboxylating enzyme in the 3 0 7
CO 2 fixation pathway at night, increased in expression just before the onset of darkness in the 3 0 8
CAM species E. pusilla (Fig. 4A ). In contrast, there was a low, but significant, time-structured 3 0 9
expression pattern of PEPC in the C 3 species E. crista-galli (Fig. 4B ). The dedicated kinase, 3 1 0 PPCK, which phosphorylates PEPC and allows it to function in the presence of malate, likewise 3 1 1 showed a strong nocturnal increase in expression in the CAM species, with similar levels of 3 1 2 expression in the C 3 species (Fig. 4B ). 3 1 3 3 1 4
Network Comparisons 3 1 5
The network for C 3 E. crista-galli had 119,338 directed connections between 4,828 3 1 6
nodes, whereas the CAM E. pusilla network was notably less connected, with only 76,071 3 1 7 connections between 4,591 nodes. Although the number of genes in each network was similar, 3 1 8
overall connectivity of E. pusilla is easily seen in both the fewer number of connections as well 3 1 9
as the mean number of connections (34.3 in E. pusilla vs. 50.3 in E. crista-galli). As expected, 3 2 0 genes from the same co-expressed cluster (Fig. 3) were grouped within the larger ARACNe 3 2 1 network for each species (Fig. 5A,C) .
Comparison of network connectivity of the time-structured genes found 149 outlier 3 2 4
transcripts that had large species differences in the number of connected directed edges 3 2 5
(Additional file 4); these were largely skewed toward increased connectivity in E. crista-galli 3 2 6 (n=90). Annotations of these outliers revealed a number of genes involved in stomatal 3 2 7
opening/closing and ABA signaling. GO term enrichment indicates that outliers that skew 3 2 8
toward more connectivity in C 3 E. crista-galli were enriched for vacuolar and tonoplast 3 2 9
membrane proteins and potassium and calcium transport. Genes that were more connected in 3 3 0 CAM E. pusilla were enriched for genes involved in aldehyde dehydrogenase activity, among 3 3 1 other functions (Supplemental Table 4 ) .  3  3  2  3  3  3 A E3 ubiquitin ligase also known as ring finger of seed longevity1 (RSL1) had the 3 3 4
greatest difference in connectivity between the two species. RSL1 has been shown to be a 3 3 5
negative regulator of ABA signaling (Bueso et al., 2014) and was chosen as a center node for 3 3 6
comparison between the two species. The diffusion algorithm used to create subnetworks 3 3 7
defaults to producing a subnetwork that is 10% of the total nodes in the larger network; as a 3 3 8
result, both species subnetworks were roughly the same size, containing about 400 genes. 3 3 9
However, the connectivity of those subnetworks differed greatly ( Fig. 5B,D chloroplast stroma, and photosynthesis (Supplemental Table 5 ). 3 4 8 3 4 9
While both subnetworks were centered on RSL1 and generally were enriched for similar 3 5 0
types of genes involved in chloroplast functions and photosynthesis, there were substantial 3 5 1 differences in gene content between the networks. The focal gene RSL1 acts as a master negative 3 5 2
regulator of ABA signaling pathway by targeting pyrabactin resistance 1 (PYR1) and PYR-like 3 5 3
(PYL) ABA receptors for degradation. More generally its role in protein ubiquitination is 3 5 4 relatively unknown. RSL1 was the third most connected node in the C 3 E. crista-galli 3 5 5
subnetwork ( the lack of degradation of clock components via ZTL (Más et al., 2003; Somers et al., 2000) . TIC 3 7 1
has been found to be responsible for the amplitude of the circadian clock but is not thought to be 3 7 2
directly involved in light signaling (Hall et al., 2003) . TIC is also implicated in daytime transcripts that were absent in the E. pusilla RSL1 subnetwork, these transcripts largely did not 3 8 3
have different expression patterns between the two species with the exception of PHYB (Fig.  3  8  4 6B). The contrasting gene content of the RSL1 subnetwork suggests light sensing and circadian 3 8 5
regulatory cascades comprise large differences between C 3 and CAM species, rather than levels 3 8 6 of gene expression, which were quite similar. 3 8 7 3 8 8
Discussion 3 8 9
Shared gene expression patterns 3 9 0
While traditionally it was thought that canonical CAM genes should have large 3 9 1 differences in timing and magnitude of expression between C 3 and CAM species, recent work 3 9 2 has highlighted that between closely related C 3 and CAM species, that may not always be the 3 9 3 case (Heyduk et al., 2018b). In Erycina, it appears that a similar pattern holds. Both the CAM 3 9 4 and C 3 species have time-structured expression of PEPC albeit at very different expression 3 9 5 levels. While this alone says little about PEPC's function in both species, the high nocturnal 3 9 6 expression of PEPC's dedicated kinase, PPCK, in both E. pusilla and E. crista-galli suggests that 3 9 7
PEPC is being phosphorylated in both species and therefore has the need to function in the 3 9 8 presence of malate. 3 9 9
It is worth noting that all C 3 species have the genes involved in the CAM cycle. Many, 4 0 0
including PEPC, function in anaplerotic reactions of the TCA cycle. PEPC has also been shown 4 0 1
to have a role in malate production for osmotic regulation of stomatal aperture and in CO 2 4 0 2 fixation in guard cells of tobacco (Asai et al., 2000; Daloso et al., 2015) . Because most RNA-seq 4 0 3 or gene expression studies to date in C 3 species sample during the day, understanding how 4 0 4
common nocturnal PEPC expression is across flowering plants will require more nighttime gene 4 0 5
expression studies in C 3 species, especially in lineages closely related to CAM species. While 4 0 6
nearly all the genes in the CAM CO 2 fixation pathway have known functions in C 3 species, 4 0 7
PPCK is a notable exception. Phosphorylation of PEPC by PPCK in CAM and C 4 species is 4 0 8
well-described (Jiao and Chollet, 1989; Nimmo et al., 1986; Taybi et al., 2000a) ; malate and 4 0 9 other organic acids act as negative regulators of PEPC, but phosphorylation of PEPC renders it 4 1 0 immune to these negative effects. Thus, phosphorylated PEPC via PPCK is required for high 4 1 1 levels of CAM and C 4 malic acid production. In C 3 species, however, there is no clear need for 4 1 2 heavily phosphorylated PEPC, especially at night, making the expression of PEPC and PPCK in 4 1 3
C 3 E. crista-galli intriguing (though see Sullivan et al., 2004 and Fukayama et al., 2006 for work 4 1 4
on nocturnal PPCK expression in soybean and rice, respectively). 4 1 5 4 1 6
Alterations in regulatory pathways between C 3 and CAM orchids 4 1 7
Network analysis of co-expressed genes and subsequent comparisons between species 4 1 8
can give insights not only into the changes in expression, but also the degree to which a given 4 1 9
gene changes in connectivity between species. Extensive connectivity for a gene has long 4 2 0 thought to be a signal of a "hub" or master regulatory gene -one that cannot experience large 4 2 1 changes in timing or magnitude of expression without significant perturbations to the entire 4 2 2 network. A major assumption of co-expression networks is that they rely on mRNA as an 4 2 3 accurate predictor of downstream processes; while this is not always the case, recent work 4 2 4
showed that although mRNA and protein networks differed in their gene content, they 4 2 5
overlapped in gene ontologies and were predictive of pathway regulation in maize (Walley et al., 4 2 6 2016). Additionally, it has been shown that a correlation exists between connectivity of a gene 4 2 7
within a network and the evolutionary conservation of the gene's sequence across a number of 4 2 8
flowering plant species (Masalia et al., 2017) . It is therefore somewhat surprising to observe that 4 2 9
as many as 149 gene families have large changes in connectivity between the two closely related 4 3 0
Erycina species. 4 3 1 4 3 2
The 149 outlier gene families in Erycina were enriched for functions in protein 4 3 3 degradation via phosphorylation and ubiquitination. While typically differences in phenotype are 4 3 4
considered the result of changes in the abundance of gene products, our data highlight the 4 3 5
importance of considering protein degradation as well. The differences in connectivity of protein 4 3 6
degradation pathway genes were unbiased between species -in other words, genes involved in 4 3 7
protein degradation have increased connectivity in both species. More interestingly, genes that 4 3 8
had increased connectivity in C 3 E. crista-galli were enriched for GO terms involved in 4 3 9 potassium and chloride channels and membrane proteins associated with chloroplasts and 4 4 0
vacuoles. Greater connectivity of such genes in the C 3 species indicates an increased reliance on 4 4 1 ion and metabolite fluxes. In stomatal guard cells, which make up a smaller portion of the whole-4 4 2 leaf transcriptome, these fluxes directly affect stomatal aperture and may play a role in 4 4 3 alternative regulation of stomatal opening in C 3 and CAM species. 4 4 4 4 4 5
Regulatory changes in ABA, light, and clock perception 4 4 6
Stomatal opening in CAM species has been vastly understudied, despite the opportunities 4 4 7
it presents for understanding a fundamental biological process. In C 3 species, stomatal opening is 4 4 8 thought to be regulated by blue and red light inputs, whereas stomatal closing is driven by efflux 4 4 9
of potassium cations. It remains largely unknown how stomata sense darkness, but experimental 4 5 0
data have suggested a large role of CO 2 concentrations on stomatal aperture (Cockburn et al., 4 5 1 1979). Draw down of CO 2 concentrations at night in the intercellular airspace would result in 4 5 2 stomatal opening, whereas high concentrations of CO 2 from decarboxylation during the day may 4 5 3 promote stomatal closure. CO 2 concentrations undoubtedly play some role in the inverted 4 5 4 stomatal aperture of CAM species, but more contemporary genomic work has implicated 4 5 5 additional levels of regulation in CAM stomata (Abraham et al., 2016; Cushman and Bohnert, 4 5 6 1997; Wai et al., 2017) . For example, ABA may be one signaling molecule for nocturnal 4 5 7 stomatal closure (Desikan et al., 2004; Gonzalez-Guzman et al., 2012; Merilo et al., 2013) . Gene  4  5  8 expression results coupled with network analysis in Erycina indicate that both ABA signaling 4 5 9
and light sensing are likely to be altered. Indeed, the gene with the largest difference in 4 6 0 connectivity between species is RSL1, which encodes a E3 ubiquitin ligase known to function in 4 6 1 stomatal response to ABA. Expression of RSL1 is higher in CAM E. pusilla and is clustered with 4 6 2 day-biased genes (Fig. 6A) , whereas in C 3 E. crista-galli expression is about half that in E. 4 6 3
pusilla and slightly increases in expression during the dark period. These expression patterns are 4 6 4 consistent with stomatal regulation between C 3 and CAM species. In E. crista-galli nighttime 4 6 5
ABA may play a larger role in drought-induced or nighttime stomatal closure than in the CAM responses to red and far-red light as well as entrains the circadian clock (Goosey et al., 1997; 4 7 5 Más et al., 2000; Ni et al., 1999) , was differentially regulated and expressed in the two Erycina 4 7 6 species (Fig. 6B ). While both species had copies of phyB that showed time-structured expression, 4 7 7
only E. crista-galli had a copy that was in the same network as RSL1 and had many connections 4 7 8
to other genes in the same network. A single copy of phyB was time-structured in CAM E. 4 7 9 pusilla, and the expression level relative to copies in C 3 E. crista-galli was quite low. Instead, the 4 8 0
constitutively expressed copy of phyB in E. pusilla had the highest expression, but what it's role 4 8 1 might be given constant expression across time is unclear. The stark difference in both 4 8 2 connectivity and expression levels of phyB in E. pusilla and E. crista-galli suggests that light-4 8 3
induced transcriptional regulation has a greater role in the C 3 species, and that phyB mediated 4 8 4
transcriptional regulation in CAM species may be significantly reduced. Additionally, the 4 8 5
presence of PP2A in the C 3 E. crista-galli RSL1 subnetwork, but not in E. pusilla, further 4 8 6
indicates that light induced responses are differentially regulated (although expression was 4 8 7 similar between the two species, Fig. 6D ). PP2A is, among many other tasks, responsible for 4 8 8 dephosphorylation of photoropin 2, which subsequently promotes stomatal opening (Tseng and 4 8 9
Briggs , 2010; Uhrig et al., 2013) . 4 9 0 4 9 1
Differences in light input sensing and signaling between C 3 and CAM species is not 4 9 2
surprising, but relatively little work has focused on this aspect of CAM biology. Previous work 4 9 3 assessed light responses in the facultative CAM species Portulacaria afra (Lee and Assmann, 4 9 4 1992) and Mesembryanthemum crystallinum (Tallman et al., 1997) and showed that both species 4 9 5 had reduced stomatal response to blue light signals when relying on the CAM cycle for carbon 4 9 6
fixation (though see Ceusters et al., 2014) . Additionally, M. crystallinum had reduced guard cell 4 9 7
zeaxanthin production during the day in the CAM state compared to the C 3 state. The reduction 4 9 8
in zeaxanthin in the CAM state was shown to be a result of the downregulation of the pathway, 4 9 9
rather than an aberration in guard cell chloroplasts. Changes to regulation and expression of 5 0 0 phyB in Erycina further support significantly altered light-induced pathways in CAM species 5 0 1 relative to C 3 . 5 0 2 5 0 3 TIME FOR COFFEE (TIC) also stood out in its altered connectivity between the C 3 and 5 0 4
CAM species. In C 3 E. crista-galli, TIC was present in the RSL1 diffusion network whereas it 5 0 5
was not for E. pusilla. TIC has been shown to be involved in maintaining the amplitude of the 5 0 6
circadian clock in Arabidopsis (Ding et al., 2007; Hall et al., 2003) , as well as regulating 5 0 7 metabolic homeostasis and response to environmental cues (Sanchez-Villarreal et al., 2013) . tic 5 0 8 mutants in Arabidopsis showed large phenotypic effects ranging from late flowering to 5 0 9
anatomical abnormalities. The tic mutants also showed extreme tolerance to drought, likely due 5 1 0
to increased amounts of osmolytes such as proline and myo-inositol, as well as an accumulation 5 1 1 of starch. As a result of the pleiotropic effects of TIC, altered network status of TIC in CAM E. 5 1 2 pusilla compared to C3 E. crista-galli likely results a complex alteration in phenotype. In 5 1 3
general, the mechanism that link the circadian clock and CAM photosynthesis are unknown 5 1 4
( Boxall et al., 2005) , and research to uncover circadian regulation of CAM is limited to 5 1 5 transcriptomic studies. Gene expression comparisons between CAM Agave and C 3 Arabidopsis 5 1 6
revealed changes to the timing of expression of REVEILLE 1, a clock output gene that integrates 5 1 7
the circadian network to metabolic activity (Yin et al., 2018) . While it's possible that changes to 5 1 8
the timing of REVEILLE 1 are required for CAM evolution, expression differences may also be a 5 1 9
result of lineage-specific changes to expression unrelated to CAM. Comparisons of closely 5 2 0 related C3 and CAM species of Erycina suggest that alteration of transcriptional cascades from 5 2 1 circadian oscillators may play a role in the evolution of CAM, rather than large scale changes to 5 2 2 the timing or abundance of expression, but additional work to link clock outputs to the CAM 5 2 3 phenotype are necessary. 5 2 4 5 2 5
Implications for the evolution of CAM in Oncidiinae 5 2 6
Both CAM and C 4 photosynthesis have evolved multiple times across the flowering plant 5 2 7
phylogeny, suggesting that the evolution of these complex traits cannot be insurmountably 5 2 8
difficult. Recent physiological work demonstrates that the evolution of anatomical traits required 5 2 9
for CAM or C 4 often predates the emergence of strong, constitutive carbon concentrating 5 3 0
mechanisms (Christin et al., 2013; Heyduk et al., 2016) . Other transcriptomic work has shown 5 3 1 that closely related C 3 and CAM species share the expression of canonical CAM genes, 5 3 2 especially PEPC and PPCK as seen here in Erycina (Heyduk et al., 2018b) . It has even been 5 3 3
suggested that many C 3 plants already have the nocturnal CAM cycle in place for fixation of 5 3 4 respired CO 2 and generation of amino acids (Bräutigam et al., 2017) , but this alone is unlikely to 5 3 5 entirely explain the repeated and relatively frequent emergence of CAM on the angiosperm 5 3 6 phylogeny. 5 3 7 5 3 8
Indeed it appears that gene expression alone would not facilitate the large-scale transition 5 3 9
from C 3 to CAM. Recent comparative work across multiple C 3 and C 4 transcriptomes highlighted 5 4 0 the recurrent co-option of highly expressed genes from C 3 species into C 4 (Moreno-Villena et al., 5 4 1 2018). The initial co-option of highly expressed gene copies happened early in the evolutionary 5 4 2 trajectory between C 3 and C 4 , and later steps included the refinement of C 3 enzymes, including 5 4 3
kinetic and tissue specificity. It is quite likely that a similar model of evolution holds for CAM, 5 4 4
in that C 3 relatives of CAM lineages have been shown to have similar expression patterns of 5 4 5
canonical CAM genes (though, it is worth noting, they are not typically highly expressed in the 5 4 6
